Polarized cortical mRNA determinants such as maternal macho-1 and pem-1 in ascidians, like budding yeast mating factor ASH1 reside on the cER-mRNA domain a subdomain of cortical Endoplasmic Reticulum(ER) and are translated in its vicinity. Using high resolution imaging and isolated cortical fragments prepared from eggs and embryos we now find that macho-1 and pem-1 RNAs co-localize with phospho-protein regulators of translation initiation (MnK/4EBP/S6K). Translation of cortical pem-1 RNA follows its bi-polarized relocalization. About 10 min after fertilization or artificial activation with a calcium ionophore, PEM1 protein is detected in the vegetal cortex in the vicinity of pem-1 RNA. About 40 min after fertilization-when pem-1 RNA and P-MnK move to the posterior pole-PEM1 protein remains in place forming a network of cortical patches anchored at the level of the zygote plasma membrane before disappearing. Cortical PEM1 protein is detected again at the 4 cell stage in the posterior centrosome attracting body (CAB) region where the cER-mRNA domain harboring pem-1/P-MnK/P-4EBP/P-S6K is concentrated. Bi-polarized PEM1 protein signals are not detected when pem-1 morpholinos are injected into eggs or zygotes or when MnK is inhibited. We propose that localized translation of the pem-1 RNA determinant is triggered by the fertilization/calcium wave and that the process is controlled by phospho-protein regulators of translation initiation co-localized with the RNA determinant on a sub-domain of the cortical Endoplasmic Reticulum.
Introduction
Development of embryos of the ascidians Ciona, Halocynthia and Phallusia of the insect Drosophila, the amphibian Xenopus and the jellyfish Clytia rely on cortical maternal determinant RNAs localized at the poles of eggs (Amiel and Houliston, 2009; King et al., 2005; Kloc and Etkin, 2005; Martin and Ephrussi, 2009; Sardet et al., 2007) . How these cortical RNAs are anchored and translated at the right time in the right place and where the synthesized proteins reside in the cortex also remains quite mysterious.
Convinced from our previous investigations of RNA localizations (Paix et al., 2009; Prodon et al., 2006; Sardet et al., 2003) that the ascidian egg/embryo model could provide some answers to these essential questions we examined the association of determinant RNAs pem-1 and macho-1 and PEM1 protein with cortical structures as well as the presence of phospho-protein regulators of translation initiation using isolated cortical fragments and high resolution imaging.
Ascidian axis determinant Cs-pem mRNA-later renamed pem-1-was discovered 15 years ago in Ciona savignyi (Yoshida et al., 1996) as the first member of a family of about 40 cortical maternal RNAs called postplasmic/PEM RNAs (Paix et al., 2009; Prodon et al., 2007; Yamada et al., 2005) . The pleitropic effects of pem-1 are best documented in Halocynthia (Kumano and Nishida, 2007) . The PEM1 protein which has no known functional domain is essential for unequal cleavage divisions of the posterior/vegetal blastomeres between the 8-64 cell stages in Halocynthia and Phallusia, probably through its interactions with Polo-like kinase 1 and the microtubular spindle at the posterior pole (Negishi et al., 2011; Prodon et al., 2010) . It is thought that PEM1 protein also patterns the embryo along the antero-posterior axis and controls cell fate (Kumano and Nishida, 2009; Negishi et al., 2007) . mRNAs localized on the cortical Endoplasmic Reticulum: the cER-mRNA domain
The Endoplasmic Reticulum (ER) is a reticulated network of membrane tubes and sheets which extends from the envelope of the nucleus to the cell periphery and is organized into sub-domains (Borgese et al., 2006; Shibata et al., 2006; Voeltz et al., 2002) . Most interestingly, a monolayer of ER harboring specific RNAs and proteinsthe cortical Endoplasmic Reticulum (cER)-closely associates with parts of the Plasma Membrane (PM). The presence of important cER-specific RNAs has been well documented in maize and rice endosperm cells (Wang et al., 2008) , in the budding yeast Saccharomyces cerevisiae (Paquin and Chartrand, 2008; Schmid et al., 2006) , and in the large oocytes of 3 species of ascidians (Ciona intestinalis/Ci, Phallusia mammillata/Pm, Halocynthia roretzi/Hr) (Nakamura et al., 2003; Paix et al., 2009; Prodon et al., 2005; Sardet et al., 2003) . In these marine urochordates the egg cER network undergoes stereotyped reorganizations and polarizations required for axis formation and development into simple tadpoles Roegiers et al., 1995; Sardet et al., 2005 Sardet et al., , 2007 .
In ascidians eggs and embryos, the maternal determinant RNAs pem-1 and macho-1 delimit a highly polarized ER network lining the plasma membrane in the equatorial and vegetal cortex of the egg Sardet et al., 2003) . We have called this subdomain of ER the cER-mRNA domain Sardet et al., 2005 Sardet et al., , 2007 . In yeast, the transcriptional repressor mating factor ASH1 is translated at the bud site on or in close proximity of such a cERmRNA domain rich in ASH1 RNA and a cohort of specific RNAs and proteins acting in the formation, maintenance and translation ability of the cER domain (Gerst, 2008; Paquin et al., 2007) . In ascidians, due to the polarized localization and translation of cER-associated pem1 RNAs and macho1 RNAs, the fertilized egg undergoes a "mosaic" type of development (Kumano and Nishida, 2009; Negishi et al., 2007; Nishida, 2005; Sardet et al., 2007 ) (see drawings in Fig. 1A ). Following fertilization the cER-mRNA domain first concentrates in the vegetal/ contraction pole and is then translocated posteriorly forming the bulk of the Posterior/Vegetal Cortex Cytoplasm abbreviated as PVC (Kumano and Nishida, 2009; Roegiers et al., 1999) . It should be noted that our present study concerns only one class of corticallylocalized postplasmic/PEM RNAs-macho-1 type localized on the cERmRNA domain-a class of RNAs segregated with the cER-mRNA domain to somatic cells descendant of posterior-vegetal blastomeres. Other postplasmic/PEM RNAs are vasa-type RNAs localized in granules which follow the segregation of granules in both somatic and germinal cells descendants of posterior-vegetal blastomeres (Paix et al., 2009; Prodon et al., 2007; Shirae-Kurabayashi et al., 2006) .
Translation of cortical mRNA determinants
We do not know precisely when and where macho-1-type RNA essential ascidian embryo tissue determinants are translated. A few direct (antibodies) and indirect (morpholino knock down) observations in Ciona, Phallusia and Halocynthia indicate that some of the postplasmic/PEM proteins (PEM3, PEM1, MACHO1, POPK1) are synthesized before the 8 cell stage in the posterior cortex/PVC region where postplasmic/PEM RNAs are localized (Kumano et al., 2010; Negishi et al., 2007; Prodon et al., 2010; Satou, 1999) . The most extensive study concerns the axis/unequal cleavage determinant pem-1. In the Japanese ascidian H. roretzi PEM1 protein (Hr-PEM1) is concentrated in the posterior region. The bulk of PEM1 protein is localized in the macroscopic structure called CAB (for Centrosome Attracting Body, see Figs. 1A and B) . During early cleavages the PVC region precursor of the CAB concentrates pem-1 mRNA transcripts seen 15 years ago as a characteristic in situ hybridization signal, the Posterior End Mark: hence the name PEM (Nishida, 2005; Yoshida et al., 1996) . Although we have no quantification of protein levels it is thought that localized translation of these cortically-localized mRNAs takes place after fertilization possibly starting around first cleavage (Kumano et al., 2010; Negishi et al., 2007) . This situation prompted us to produce mouse and rabbit antibodies against P. mammillata PEM1 (see Supplementary Fig. S1 ) and to analyze the localization of Pm-PEM1 proteins and Pm-pem-1 RNAs at high resolution on eggs, zygotes and embryos and in isolated cortex fragments prepared from them (Nakamura et al., 2005; Prodon et al., 2005; Sardet et al., 2003) .
It is likely that translation initiation of localized RNAs in ascidians uses mechanisms similar to those uncovered in embryos of Drosophila and in many somatic cells or in nerve endings Wolfner, 2008a, 2008b; Horner et al., 2006; Leung et al., 2006; Lin and Holt, 2007) . Translation initiation involves a large number of proteins associated with the 5′ cap of mRNAs and its circularized structure including multiple initiation factors and regulators of translation initiation. The principal regulators are phospho-protein kinases such as MnK (MAPK Interacting Kinase) and S6K (S6 Kinase) and modulating factors such as the phospho-protein 4EBP (eukaryotic translation initiation factor 4E Binding Protein). These protein regulators of translation initiation are controlled by sequential phosphorylations and dephosphorylations which are downstream of activating calcium signals, and ERK/p38 MAPK and PI3K/TOR signaling pathways (reviewed in Groppo and Richter, 2009; Mathews et al., 2007; Richter and Klann, 2009) . Although it has unfortunately not been possible to unambiguously relate the phosphorylation status of the different forms of MnK with translational ability sequential phosphorylations of 4EBP and S6K have more established roles in relieving inhibitions or activating key targets (Mathews et al., 2007; Proud, 2007) .
We wondered whether as recently described for Drosophila eggs and re-orientating growth cones, well-established regulators of the translation initiation machinery such as Cup or 4EBP might be involved in controlling localized mRNA translation in ascidian eggs (Clouse et al., 2008; Kugler and Lasko, 2009; Lin and Holt, 2007; Rodriguez et al., 2008) . We therefore screened eggs, zygotes and 8 cell stage embryos as well as thousands of cortical fragments isolated from them for the presence of different phosphorylated forms of 4EBP, S6K, MnK and for PABP (Groppo and Richter, 2009; Jackson et al., 2010; Leung et al., 2006; Mathews et al., 2007; Proud, 2007) . We made ample use of cortical fragments isolated from synchronous populations of eggs and embryos because they allow fast isolation and high resolution imaging of a well preserved cERmRNA network which retains associated mRNAs such as pem-1 and macho-1 (Paix et al., 2009; Prodon et al., 2005; Sardet et al., 2003) .
Using this strategy we now can provide an unprecedented high resolution visualization of cortical RNAs and their translation products. We report that in addition to the known translation and localization of pem-1 RNA at the posterior pole of Halocyntia embryos (Negishi et al., 2007 (Negishi et al., , 2011 in Phallusia, PEM1 protein is first synthesized in the vegetal cortex of the zygote soon after fertilization or artificial activation with calcium ionophore before it is detected in the posterior pole. Our high resolution imaging and inhibitor studies show that translation of pem-1 RNA determinant is regulated at the level of the cER-mRNA domain harboring mRNA determinants, ribosomes and phospho-proteins regulating translation initiation.
Material and methods
Many procedures-obtaining and fertilizing eggs/fixing, labeling or injecting eggs and embryos/preparing, fixing and labeling cortical fragments-are described in detail in our recent methodological reviews Sardet et al., 2011) Whole embryo fixations Different fixations milieu were used for immuno-localization of proteins and in situ localizations of RNAs.
-Cold (−20°C) 90% methanol/50 mM EGTA. -4% Formaldehyde in 50 mM PBS pH7.5/0.5 M NaCl/for 2 h at room temperature (RT) or overnight (ON) at 4°C. Samples washed in PBS could be stored 1-3 days at 4°C in PBS or for long periods at −20°C after dehydration in ethanol. -2% Formaldehyde/0.2% glutaraldehyde/0.2% Triton/100 mM HEPES pH7/50 mM EGTA/10 mM MgSO 4 /700 mM glucose for 1 h at RT. This fixation is adapted from that of G. Von Dassow from Friday Harbour Lab, Univ. of Washington (http://raven.zoology. washington.edu/celldynamics/downloads/tipsandtricks.html). -For in situ hybridization of mRNAs, embryos were fixed in 100 mM MOPS pH7.6/0.5 M NaCl/4% formaldehyde ON at 4°C and then washed in PBS, dehydrated in ethanol and stored at −20°C.
Whole embryo immuno-labeling
A detailed protocol for whole embryo immuno-labeling can be consulted Sardet et al., 2011) . Briefly, immunolocalizations of proteins were performed using a variety of primary antibodies (see below) and fluorescent secondary antibodies, or using the biotin/streptavidin or HRP/TSA amplification methods (see below). Embryos stored in ethanol/methanol were re-hydrated in PBS and washed 3 times in PBS/0.5% BSA/0.1% Tween. Embryos in PBS were washed 25 min in PBS/0.2% Triton and washed 3 times in PBS/0.5% BSA/0.1% Tween. Embryos were incubated with primary antibodies overnight at 4°C in PBS/1% BSA and washed 5 times in PBS/0.1% Tween (PBS Tw). Secondary antibodies were incubated 4 h at RT in PBS/1% BSA and washed 5 times and incubated 2 h when streptavidin was used. In the case of TSA amplification system, embryos were washed in TSA buffer and were revealed at RT. When necessary, formaldehyde-fixed embryos (stored in PBS) were stained with fluorescently labeled Phalloidins for 2 h. Labeled embryos were next incubated in Hoechst 33342 in PBS for 15 min, washed in PBS and mounted in Citifluor AF1 (EML).
Isolated cortex preparation and immuno-labeling
Hundreds of isolated cortical fragments from oocytes or synchronous zygotes or embryos were prepared on glass coverslips using BufferX as described Sardet et al., 2011) . They were processed rapidly in isotonic CIM fixative (containing 3.7% formaldehyde, 0.1% glutaraldehyde) for 1 h and washed in PBS. Cortices were also directly fixed in cold (− 20°C) 100% methanol and then rehydrated in PBS. Endoplasmic Reticulum was labeled for 1 min in live cortices before fixation with fixable CM-DiI (C16)3 emulsified in BufferX, then fixed with CIM fixative. Alternatively the cER network of cortical fragments fixed with CIM fixative was labeled with DiO(C6)3. Fixed cortices were washed 2 times in PBS/0.5% BSA and incubated with primary antibodies for 1 h at RT in PBS/1% BSA, washed 3 times in PBS and next incubated in the same way with secondary antibodies. In the case of biotin/streptavidin amplification, we included an additional incubation for 1 h with streptavidin. After final labeling, cortices were washed and mounted.
In situ hybridization on whole embryos
Eggs and embryos were processed according to .
In situ hybridization on isolated cortices
The protocol used which does not make use of solvent or detergent extraction is detailed in our methodological review .
Inhibition of MnK and MAPK
The specific inhibitor CGP57380 (Calbiochem) was used at 50 μM final concentration (from a 1000× stock in DMSO) for MnK1 inhibition (Zhang et al., 2008) . Eggs were incubated before fertilization, in CGP57380 for 45 min and were kept in CGP57380 after activation with sperm. Fertilized eggs were collected and fixed in cold (−20°C) 90% methanol with 50 mM EGTA.
MAPK was inhibited using UO126 at 2 μM final concentration, from a 5000× stock in DMSO . The eggs were incubated in UO126 for 15 min before fertilization, washed, fertilized, collected and fixed 20 min after insemination in cold (−20°C) 90% methanol with 50 mM EGTA.
Ionomycin activation of eggs
Eggs were washed in calcium-free artificial sea water (480 mM NaCl/9.4 mM KCl/23.6 mM.
EGTA, pH8) and activated by adding Ionomycin (5 μM final concentration) (Calbiochem). Activated eggs were fixed in cold (−20°C) 90% methanol with 50 mM EGTA.
Phosphatase treatments and peptide competition experiments
Phosphatase treatments were performed on isolated live cortices for 30 min at room temperature in 50 μl Lambda Phosphatase buffer supplied with 0.5 M glycine and 400 units of Lambda Phosphatase (NEB). Control incubations omitted the phosphatase. After incubation cortices were washed and fixed. For peptide competition experiments, primary antibody was diluted at its working concentration in 100 μl PBS/1% BSA and the corresponding peptide used as antigen was added (with a 10× weight/weight ratio) and incubated overnight at 4°C. The incubate was next centrifuged at 10,000 g for 5 min at 4°C and the supernatant used for immuno-labeling as described above.
Removal of phosphate moieties from phospho-peptides was done by diluting the peptide in 50 μl of lambda phosphatase buffer with 400 units of lambda phosphatase and incubating at 30°C for 1 h. 50 μl of PBS/1% BSA and primary antibody were then added for peptide competition. Controls were prepared by omitting the phosphatase.
Electrophoresis of proteins and Western blotting
Eggs or embryos pellets were directly dissolved in Laemmli buffer, boiled for 5 min at 95°C and stored at −20°C. Alternatively, the pellets were stored in liquid nitrogen and then lysed in cold RIPA buffer (50 mM Tris ph7.5/150 mM NaCl/1% NP40/0.1% SDS/1% Na-deoxycholate/2 mM EDTA) supplemented in protease and phosphatase inhibitors (Sigma). Protein concentration was measured by BCA protein assay (Pierce) and samples were dissolved in Laemmli buffer and boiled before deposition on gels and electrophoresis.
Protein gel electrophoresis was done in a minigel system (Biorad), followed by transfer on nitrocellulose membrane and Ponceau Red staining. Membranes were blocked overnight at 4°C in 5% non-fat Milk in TBS/0.1% Tween (TBS Tw) and stored at −20°C.
Western blotting was performed by incubating membranes ON with primary antibody in TBS Tw Milk at 4°C, followed by extensive washing in TBS Tw and incubation for 1 h at RT with HRP secondary antibody and washed. Revelation of immuno-labeled membranes was done using the chemiluminescence reaction (Biorad) and films (Amersham).
Image acquisition and analysis
Confocal images were acquired on a Leica SP2 or SP5 microscope, using 20, 40× and a 63× oil objective. Images were acquired sequentially at 512 × 512 or 1024 × 1024 resolution using 4 lines average. When it was possible, images were acquired simultaneously using appropriately-chosen fluorochromes and confocal adjustments to optimize acquisition of non overlapping emission spectra in different channels and fluorescence spill-over was monitored by using sequential laser excitation.
Colocalization analyses on rigorously acquired images of multiple cortical fragments were performed using ImageJ WCIF version with the co-localization threshold plug-in (http://www.uhnresearch.ca/ facilities/wcif/imagej/). Intensity (%) co-localization of signals in an emission channel compared with that obtained in another was determined using the Mander's coefficient (threshold M1/M2).
Antibodies and reagents

PEM1 antibodies
Two peptides (RRKSRPLLRKSRRK and CDGSGSNKGESGST) with high predicted antigenicity were chosen from analysis of Pm-PEM1 sequence (GenBank GQ418163.1) (Paix et al., 2009 ). They were synthesized and injected into rabbit to obtain polyclonal rabbit antibody against PEM1. The rabbit antibodies produced were purified against peptides by affinity chromatography by GeneScript, USA.
Additionally, entire fragment of the full-length coding sequence of PEM1 was cloned into pDEST15 vector and the expressed recombinant protein was used to produce 4 polyclonal mouse antibodies against PEM1 (Proteogenix, France). Unpurified mouse antiserums were used for immunofluorescence and western blots.
Other antibodies
Commercial primary phospho-specific antibodies used were made from phospho-peptides corresponding to mammalian proteins of the translation machinery. These antibodies are known to have broad cross-reactivity. We made sure that phospho-epitopes were reasonably conserved (Fig. S1F ) based on comparisons between the human or mouse sequences used to generate antibodies and the corresponding sequences in C. intestinalis and P. mammillata (raw sequence data courtesy of P Lemaire (Montpellier, France), and processed by P Dru (Villefranche sur Mer, France).
To detect P-MnK, we used an anti rabbit antibody (P-MnK197/202) corresponding to phosphorylation at the amino acids-aa 197/202-of mouse MnK1 (Fig. S1F ). P-4EBP was detected with an anti rabbit antibody made against the phosphorylated epitope at aa 65 of mouse 4EBP1 protein (Fig. S1F ). We found that P-S6 kinase could be detected with an antibody (P-S6K 411) made against the phosphorylated epitope at aa 411 of human S6K1 protein and another (P-S6K389) at aa 389 ( Fig. S1F ). Non phosphorylated S6K was detected with an antibody against a non phosphorylated peptide around aa 411(GenScript). Phosphatase treatments of cortices and peptide competitions comforted us in the specificity of the detections (see Supplementary Fig. S4 ).
Ribosomes were labeled with the ribosomal P-S6 235/236 antibody (Sardet et al., 2003) . P-S6K 389, P-MnK 197/202, P-S6 235/236, P-4EBP and PABP antibodies and immunogenic peptides were purchased from Cell Signalling Technology. P-S6K411 was purchased from Abcam. Mitochondria were detected using the NN18 monoclonal antibody (Sigma). Secondary antibodies and streptavidins were purchased from Jackson ImmunoResearch Europe and Molecular Probes. The following fluorochrome conjugates were used: FITC/Alexa488, TRITC/Cy3, and Cy5/Alexa633. Phalloidin conjugates were purchased from Molecular Probe and Sigma. TSA kits were purchased from Perkin Elmer and Molecular Probe which also provided the lipophilic dyes. Molecular biology reagents were purchased from Promega. Other laboratory reagents come from Merck and Sigma or from suppliers specified above.
Morpholino injections
Dechorionated oocytes and zygote (30 min after fertilization) were mounted in agarose plates and injected with a morpholino against Pm-pem-1 (GGCTGTACTGACCACCATTATAACT, GeneTools) as previously described (Prodon et al., 2010) . Control morpholino (5′-CCTCTTACCTCAGTTACAATTTATA-3′) injections did not affect development. Results were obtained from at least 3 independent experiments.
Results
For this study we chose to work with the European ascidian species P. mammillata in which we have best characterized the structure, composition, genesis and transformations of the highly polarized cortex (Paix et al., 2009; Prodon et al., 2005; Sardet et al., 1992 Sardet et al., , 2003 . Zygotes and embryos of this species undergo synchronous stereotyped reorganizations (Fig. 1A ) allowing easy isolation of large fields of cortical fragments during early stages of development throughout the entire year (see Fig. 5 ). Using high resolution imaging and immuno-in situ localization techniques we carefully mapped the distributions of Pm-pem-1 and Pm-macho-1 RNAs ribosomes and proteins regulating translation initiation (Figs. 1, 2, 5, 6 and Supplementary Figs. S2 and S3) .
To study the translation of pem-1 RNA determinant we obtained specific mouse and rabbit antibodies against PEM1 protein (Fig. S1 ). Western blots indicate that a single band of approximately 48 kDa is detected using both mouse and rabbit antibodies ( Fig. S1C) indicating that PEM1 is a maternal protein. PEM1 protein level does not significantly change in amounts nor position in 1D SDS-PAGE gels after fertilization (Fig. S1B ). Using both mouse and rabbit antibodies and amplification techniques (TSA immunolabeling) it appears that in non fertilized eggs PEM1 is not particularly localized. The slightly higher level of labeling observed in the meiotic spindle ( Fig. S1D ) and in the sub-cortical mitochondria-rich myoplasm regions (Fig. S1D , see also Figs. 3A and 4A) could be real or simply reflect the presence of very different cytoplasmic and organelle compositions in these regions. For comparison we show the strong posterior signal in the PVC region of a 4 cell stage embryo (Fig. S1E) . About 45 min after fertilization, the cER-mRNA domain translocates in the Posterior (P) pole. At the 8 Cell stage (8C), the cER-mRNA domain compacts in the Centrosome Attracting Body (CAB) in B4.1 posterior-vegetal blastomeres (from Sardet et al., 2007) . (B) Pm-macho-1 localization in immature oocyte (section above the germinal vesicle), NF eggs (along a/v axis) and zygotes 10 min after fertilization and embryos at 8 Cell stage (8C). Pm-macho-1 (green) is localized in cortical aggregates in the immature oocyte (arrows), forms a polarized cup-shaped cortical layer in the vegetal hemisphere of the NF egg (arrows) sandwiched between the plasma membrane and a 7 μm-thick layer of densely packed mitochondria called the myoplasm (magenta: mitochondria). Pm-macho-1 concentrates in the CP after fertilization and the CAB at 8 Cell stage. The bar represents 30 μm. (C) P-MnK signal is not detected in the cortex of immature oocyte (same oocyte as in Fig. 1B) . In a NF egg, the P-MnK signal is detected as a thin cup-shaped layer in the vegetal cortex (arrows). After fertilization P-MnK is concentrated in the CP (arrows). P-MnK (arrows) translocates at 45 min to the Posterior pole (P) while male and female pronuclei (arrowheads) meet. The larger image at right is a merged image of P-MnK (green) and chromosome (Hoechst dye in blue). Hoechst dye also labels the mitochondriarich myoplasm domain. Inset shows P-MnK signal only. (D) P-MnK is concentrated in the CAB in 8C stage embryo (8C left). The 4 panels on right show an immuno-in situ colocalization of P-MnK and Pm-macho-1 in 16 Cell stage embryo (16C). P-MnK and Pm-macho-1 are co-localized in the CAB sandwiched between the plasma membrane and the mitochondria-rich myoplasm. (E) P-MnK signal is segregated in 2 small posterior blastomeres at the 110 Cell-stage (110C). Actin microfilaments outline the cellular boundaries. (F and G). Immuno-in situ co-localization of P-MnK protein and Pm-pem-1 RNA in the vegetal cortex of the Non-Fertilized egg (NF). After fertilization (10 min), pem-1 and P-MnK concentrate in the Contraction Pole (CP) and form a cup-shaped layer in the vegetal/dorsal pole at 20 min, when meiosis2 is being completed. P-Mnk and pem-1 translocate together in the Posterior pole (P) during the second major phase of cytoplasmic and cortical reorganization (40-50 min). At the 8 Cell stage Pm-pem-1 RNA and P-MnK protein both concentrate in the CAB.
Using specific probes and our mouse and rabbit antibodies we compared the high resolution localization of pem-1 RNA, PEM1 and translation regulator protein and their association with cortical structures before and after fertilization and artificial activation with a calcium ionophore (Figs. 3 and 7) . Determinant RNAs macho-1 and pem-1 and translation initiation regulators P-MnK, P-S6K, P-4EBP and PABP concentrate in the same cortical region
Like Hr-pem-1 and Ci-pem-1, Phallusia RNA determinants Pm-macho-1 and Pm-pem-1 (not shown here) are localized in cortical aggregates in immature oocytes (Fig. 1B) . After undergoing reorganizations similar to those we have previously described for maturing Ciona and Halocynthia oocytes (Prodon et al., , 2009 both Pm-macho-1 and Pm-pem-1 form a polarized cup-shaped cortical layer in the vegetal hemisphere of the mature NF eggs of Phallusia (Figs. 1B and F) .
In the first 10 min following fertilization, a cortical and cytoplasmic reorganization due to the acto-myosin cytoskeleton concentrates Pmmacho-1 and Pm-pem-1 in the Vegetal/Contraction Pole (CP) region (see 10 min, Figs. 1A, B, and F). During meiosis completion (see 20 min, Fig. 1F ) Pm-macho-1 (not shown) and Pm-pem-1 (Fig. 1F) remain localized in the vegetal/dorsal pole area as a 1-3 μm-thick submembranous layer. The cortical pem-1 RNA layer becomes thicker and sub-cortical during pronuclear migration (25 min, Fig. 1G) . A second major phase of reorganization occurs driven by the displacement of a large posterior microtubule aster with respect to the cortex (see Fig. 1A and Sardet et al., 2007 for the description and timing of events). During that phase, cortical determinant RNAs macho-1 (not shown) and pem-1 (45 min, Fig. 1G ) translocate towards the Posterior pole (P) before cleavage. As a consequence, at the 2 cell stage, macho-1 and pem-1 RNAs concentrate in the posterior pole (PVC) region with the compacted cERmRNA domain embedding presumptive germ granules (Hibino et al., 1998; Paix et al., 2009; Shirae-Kurabayashi et al., 2006) . The RNAs pem-1 and macho-1 along with 3 dozen other postplasmic/PEM RNAs are further compacted with the cER and granules in the mustache-shaped CAB domain characteristic of the 2 posterior-vegetal cells (B4.1) and their small blastomere descendants (Figs. 1A , B and G) (Nishida, 2005; Prodon et al., 2007; Sardet et al., 2007) .
We then examined the localization of the major translation initiation regulators using aldehyde and methanol-fixed Phallusia eggs and embryos. While screening for the presence of these protein regulators we found that specifically phosphorylated forms of MnK, S6K and 4EBP (P-S6K 411 and 389, P-MnK 197/202, and P-4EBP 65 see Materials and methods) and PABP were highly enriched in the same polarized cortical region as the determinant RNAs pem-1 and macho-1 (Figs. 1C, D , E, G, 2 and 8). Our most complete observations concern the localization of P-MnK 197/202 (Figs. 1C, D, E, F and G) but we also made similar observations with P-4EBP 65, PABP and several forms of S6 kinase. These proteins are enriched in the vegetal cortex of eggs, in the CP, (Fig. 1E) . The extent of our screen was however limited by the lack of antibodies specifically cross reacting with other components of the translation machinery. We could not detect the presence or particular localization of non-phosphorylated forms of MnK, 4EBP and S6K using mouse or humans antibodies made against reasonably-well conserved regions except for S6 kinase (see below).
Although these rather low resolution observations suggest determinant RNAs and translation initiation regulators are in close proximity in the cortex, we cannot tell whether they localize on the same cortical structures, a question we investigated further on isolated cortices (see Figs. 3 and 5-7).
Maternal determinant pem-1 RNA is translated in the vegetal cortex soon after fertilization or calcium ionophore activation It has been shown that in Halocynthia, PEM1 protein is present in the posterior pole after first cleavage and concentrates in the posterior PVC and CAB regions where pem-1 RNA is localized (Negishi et al., 2007) . It is not known whether in Halocynthia there exists an un-localized maternal protein made before fertilization or whether localized translation occurs prior to first cleavage. The results of pem-1 morpholino injections (pem1-Mo) indicate that localized translation in the posterior CAB region takes place during the first cleavage divisions (Negishi et al., 2007) .
We re-investigated this question with antibodies made against Phallusia PEM1 protein (see Materials and methods and Figs. S1A-E). One rabbit antibody and 4 mouse antibodies cross reacted with zygotes and embryos fixed in methanol (but not aldehydes). All antibodies against Phallusia PEM1 labeled cortical regions corresponding to the sites of localization of pem-1 RNA after but not before fertilization. Here, we principally show the results obtained with one of the mouse antibody (Figs. 3, 4, 7, and 8) . We noticed that, in contrast with previous observations in Halocynthia, in Phallusia, an early localized PEM1 protein signal is detected 10 to 20 min after fertilization in the vegetal cortex using both mouse and rabbit antibodies and amplification (TSA or biotin/streptavidin) methods (Fig. 3) . Before pursuing we confirmed in Phallusia what was previously shown in Halocynthia: PEM1 protein is concentrated in the pem-1 RNA-containing CAB structure at the posterior pole of 8-64 cell-stage embryos.
Pm-PEM1 can be detected as a strong posterior signal in the PVC region at the 4 cell stage (Fig. S1) . Injection of pem-1 morpholino in NF eggs or in zygotes 30 min after fertilization (PF: Post Fertilization) causes radialization of embryos in Halocynthia and in Phallusia (Figs. 4E-G) (Negishi et al., 2007; Prodon et al., 2010) . Observations with our PEM1 antibodies indicate that all pem-1 morpholino injections suppress the PEM1 protein signal in the CAB (see table in Fig. 4) . PEM1 signal is not significantly localized in non fertilized eggs ( Fig. 3A and Fig. S1D ). In contrast, as stated above, 10-20 min after fertilization a PEM1 protein signal is detected as a thin layer in the vegetal cortex where pem-1 RNAs are localized (Figs. 3B and C) . This early cortical PEM1 protein signal is transient. It lasts about 30-40 min disappearing at the time of mitosis (about 50 min, not shown). At medium resolution this early PEM1 protein signal appears to be situated in the sub-membranous 1-3 μm-thick region where macho-1/pem-1 RNAs and P-MnK, P-4EBP, P-S6K and PABP are also enriched (see Figs. 1F, G and 2). We also observed that when eggs were activated with the calcium ionophore Ionomycin-a treatment which mimics the early fertilization events (Speksnijder et al., 1990 )-PEM1 protein signal appears in the vegetal cortex within 10 min of egg activation and is strongest around 20 min (Fig. 3F) . As with the late 8 cell stage PEM1 protein signal in the CAB, which can be suppressed with pem-1 morpholino injections (Figs. 4D-G) , this early post-fertilization cortical PEM1 protein signal in the vegetal cortex is greatly decreased or not detected in zygotes derived from NF eggs injected with pem-1 morpholino before fertilization (see Figs. 4A-C and table within) .
Close examination of the cortical region where PEM1 protein is detected shows that P-MnK which we show to be concentrated with pem-1 RNA on the cER-mRNA domain (see next paragraph) extends further than PEM1 protein within the interior of the egg appearing to delineate short ER strands (see arrowheads on Fig. 3C ) penetrating the mitochondria-rich subcortical region (the so-called "myoplasm": see (Roegiers et al., 1999) . At higher resolution one can observe that in some zygotes, 25 min after fertilization, the PEM1 protein signal is clearly closer to the plasma membrane than the P-MnK signal (see arrows and arrowheads on Fig. 3D) . Surprisingly at about 40-45 min-at the end of pronuclear migration and when the posterior translocation of the cER-mRNA domain takes place-PEM1 protein signal stays in place while the P-MnK signal (marker of pem-1/cER-mRNA domain) moves towards the posterior (Fig. 3E) .
Determinant RNAs macho-1 and pem-1 colocalize with P-MnK, P-4EBP and P-S6K defining a sub-region of the cortical endoplasmic reticulum: the cER-mRNA domain
To determine the relative localizations of determinant RNAs, PEM1 protein, ribosomes and translation initiation regulators, we carried rigorous high resolution co-localization studies of lipids, RNAs and proteins in isolated cortical fragments of NF eggs, zygotes and embryos.
The cortical Endoplasmic Reticulum
Using lipophilic dyes, it is possible to visualize the continuity of the ER network in cortical fragments of Phallusia oocytes or embryo blastomeres and the ER surface distribution of ribosomes labeled with a marker (ribosomal S6 protein) of the small ribosomal subunit (Fig. 5) (Sardet et al., 2003) . Ribosomes decorate the entire network of tubes and sheets (Fig. 5C ). This Rough Endoplasmic Reticulum network in contact with the patch of egg plasma membrane adhering to the coverslip is by definition the cER (Paix et al., 2009; Prodon et al., 2005; Sardet et al., 2003) . The cER network in non fertilized eggs is distributed as a gradient of tubes and sheets along the animal-vegetal axis (Fig. 5A) with the greatest density of tubes and largest sheets situated in the vegetal cortex (Sardet et al., 1992) . Deeper cytoplasmic RER tubes not adhering to the plasma membrane can be observed outside the cortical patch in continuity with cER as part of a comet tail formed during the shearing process which breaks the egg open in Fig. 6 . Co-localization analysis of macho-1 and pem-1 RNA determinants with translation initiation regulator P-MnK using immuno-in situ labeling. (A) The RNA Pm-macho-1 and ribosomes co-localize on the cER-mRNA domain on isolated cortical fragments from a NF egg. Merged image on right: Pm-macho-1 on cortical ER (arrowheads) is excluded from deeper cytoplasmic RER (arrows outside cortex: ER labeled with ribosomes). Merged images on left ribosomes and Pm-macho-1 display a high degree of co-localization on the cERmRNA domain (yellow regions) (see Supplementary Fig. S3 for detailed analyses). (B) Immuno in situ labeling of P-MnK protein and Pm-macho-1 RNA on isolated cortical fragments from a NF egg: P-MnK and Pm-macho-1 display a high degree of co-localization (yellow in left images). Note that sparse spots of P-MnK which are not associated with Pm-macho-1 can be detected in the egg cortex region corresponding to the equatorial cortex (see arrows on merged image at right). (C) Immuno-in situ labeling of P-MnK protein and Pm-pem-1 RNA on isolated cortical fragments of a NF egg. Pm-pem-1 and P-MnK show similar levels of co-localization (arrowheads in right merged image) than Pm-macho-1 and P-MnK. Note that sparse spots of P-MnK (arrows in right merged image) which are not associated with Pm-pem-1 RNA (as with Pm-macho-1 RNA in B) can be detected in the equatorial region of the egg cortex.Co-localization analysis of macho-1 and pem-1 RNA determinants with translation initiation regulator P-MnK using immune-in situ labeling. (A) The RNA Pm-macho-1 and ribosomes co-localize on the cER-mRNA domain on isolated cortical fragments from a NF egg. Merged image on right: Pm-macho-1 on cortical ER (arrowheads) is excluded from deeper cytoplasmic RER (arrows outside cortex: ER labeled with ribosomes). Merged images on left ribosomes and Pm-macho-1 display a high degree of co-localization on the cERmRNA domain (yellow regions) (see Supplementary Fig. S3 for detailed analyses). (B) Immuno in situ labeling of P-MnK protein and Pm-macho-1 RNA on isolated cortical fragments from a NF egg: P-MnK and Pm-macho-1 display a high degree of co-localization (yellow in left images). Note that sparse spots of P-MnK which are not associated with Pm-macho-1 can be detected in the egg cortex region corresponding to the equatorial cortex (see arrows on merged image at right). (C) Immuno-in situ labeling of P-MnK protein and Pm-pem-1 RNA on isolated cortical fragments of a NF egg. Pm-pem-1 and P-MnK show similar levels of co-localization (arrowheads in right merged image) than Pm-macho-1 and P-MnK. Note that sparse spots of P-MnK (arrows in right merged image) which are not associated with Pm-pem-1 RNA (as with Pm-macho-1 RNA in B) can be detected in the equatorial region of the egg cortex.
order to obtain isolated cortices (drawing in Fig. 5A and arrows in Figs. 5C, E and F). Ribosomes present on tubes and sheets of RER are in a patchy distribution and are most abundant at the 3 way junctions of the tubular network and on sheets of ER ( Fig. 5C and Supplementary  Fig. S2 ) in agreement with our previous Deep Etching/Electron Microscopy observations on Phallusia cortices Sardet et al., 1992) . The presence of a higher density of ribosomes (and polysomes) on ER sheets has in fact been suggested to be a characteristic of RER (Shibata et al., 2006) .
The cER-mRNA domain
In addition to our previous observations higher resolution imaging and quantitative co-localization analysis of Pm-macho-1 RNA, ER and ribosomes in many Phallusia cortices reveals that the cER-mRNA domain represents in fact a sub-region of the cER network of NF eggs. RNA determinants macho-1 and pem-1 are situated on a sub-region of the cER network in the vegetal hemisphere stopping along a fairly sharp frontier in the equatorial/vegetal cortical region (Fig. 5A) . The cER tubes in the animal hemisphere as well as deeper RER lying on the coverslip outside the cortical fragment are clearly studded with ribosomes but completely devoid of macho-1 or pem-1 RNA (see arrows in Fig. 5C and Fig. 6A ). Pm-macho-1 and ribosomes display a high degree (94-96%) of co-localization on the cER-mRNA domain ( Fig. 6A and Supplementary Fig. S3 ). Analysis of many cortical fragments show that between fertilization and the 8 cell stage (Figs. 5A and B ) the maternal cER which anchors Pm-macho-1 and pem-1 RNAs in NF eggs constitutes the cER-mRNA domain compacted in the CAB. Because this cER-mRNA domain contracts and compacts after fertilization it represents an increasingly smaller fraction of the cER network underlining the PM in zygotes and early embryos of Phallusia as in Ciona and Halocynthia Sardet et al., 2003) .
Phospho-protein regulators of translation initiation P-MnK, P-4EBP and P-S6K concentrate on the cER-mRNA domain
Having observed that in whole eggs and embryos several phosphoprotein regulators of the translation initiation machinery (P-MnK, P-4EBP, P-S6 kinase) and PABP seem to localize in the same cortical region as pem-1 and macho-1 RNAs we asked whether they were also situated on the cER using high resolution localization in isolated (a and b) . P-MnK network (cER-mRNA domain) and PEM1 protein network do not co-localize. cortical fragments. P-MnK is highly enriched in the macho-1/pem-1 labeled cER-mRNA domain (see immuno-in situ localizations in Figs. 6B and C) . In addition, small dispersed patches of P-MnK apparently devoid of macho-1 and pem-1 RNA are present on the cER network in the equatorial and animal cortex of NF eggs (arrowheads in Figs. 6B and C) . We quantified the degree of co-localization of P-MnK and Pm-macho-1 RNA in different vegetal regions of cER-mRNA domain. As in the case of ribosomes and Pm-macho-1, P-MnK and Pm-macho-1 show a high degree of co-localization (93-94%: see Fig. 6B and Supplementary Fig. S3 ).
Other phosphorylated forms of regulatory proteins are selectively associated with the cER-mRNA domain of isolated cortical fragments. P-4EBP associates with the cER-mRNA domain in NF eggs ( Fig. 5F and  S2 ). This explains why P-4EBP is concentrated in the vegetal Contraction Pole (CP) within 10 min of fertilization and in the CAB (Fig. 2A) . S6 kinase like 4EBP is a major target of the PI3K/TOR signaling pathway and a major player in translation initiation (Richter and Sonenberg, 2005) . Although in this case, only fixation of cortical fragments with − 20°C methanol (instead of our usual aldehyde fixation) preserved antigenic sites cross reacting with the P-S6K 411 antibody we find that P-S6 kinase associates with the cERmRNA domain in isolated cortical fragments (Fig. 5G and S1 ). As a consequence like P-MnK and P-4EBP, P-S6K 411 is concentrated in the CP after fertilization and highly enriched in the CAB (Fig. 2C) .
We tested several other commercial or laboratory-provided antibodies against additional phosphorylated and non phosphorylated forms of MnK and 4EBP but could not obtain definitive answers about their specificities or localizations with respect to the cER-mRNA domain. We have not examined the localization of other translational regulators (eiF4B, eiF4G…) and therefore do not yet have a global view of the cellular localizations of the complete translational initiation machinery and its regulator proteins. Nevertheless, clear co-localization of P-MnK, P-4EBP, P-S6K 411 with pem-1 and macho-1 RNAs on the cER-mRNA domain suggest they play a key role in the regulation of translation of cortical mRNAs determinants.
RNA determinants pem-1 and PEM1 proteins localize on two distinct cortical networks
The fact that the pem-1-associated cER-mRNA domain moves away from the newly synthesized PEM1 protein 40-45 min after fertilization (see Fig. 3E ) suggests that PEM1 protein binds to another cortical structure than the cER-mRNA domain. This prompted us to prepare and examine isolated cortical fragments in Non Fertilized (NF) eggs and in zygotes 20-25 min after fertilization. At that time the PEM1 protein and P-MnK layers (co-localized with pem-1 RNA) are close to the plasma membrane in the vegetal cortex and can be retained as part of the isolated cortical fragments (Figs. 3C and D) . Although we had to use methanol fixation in these experiments, P-MnK clearly labels a reticulated network of tubes and sheets corresponding to the characteristic cER-mRNA domain (Fig. 7A) . We could not detect any significant PEM1 protein signal in cortical fragments isolated from non fertilized eggs (Fig. 7A) . In contrast 20-25 min after fertilization a subset of cortical fragments (those coming from vegetal regions) prepared from synchronous populations of zygotes display the characteristic cER-mRNA network labeled with P-MnK antibody together with another sparse network of PEM1 protein forming characteristic patches (Fig. 7B) . The 2 networks are clearly distinct and only partially co-localize in Z sections (Fig. 7C) . They can even be separated as in the case shown in Fig. 7B where part of the cER network has detached from the isolated cortical fragment (area magnified in image at right). Although in this case parts of the cERmRNA domain has apparently been sheared away, the PEM1 protein network has stayed in place. We presume that the PEM1 protein Eggs were incubated in CGP57380 (dissolved using DMSO) and fixed 20 min after fertilization. Same egg is shown: PEM1 signal in the vegetal cortex is greatly diminished or abolished. Chromosomes are in animal pole region (boxed). C) Eggs were incubated in UO126 (dissolved using DMSO), washed, fertilized and fixed 20 min after fertilization. Same egg is shown: PEM1 signal in the vegetal cortex is abolished. P-MnK signal is also abolished or greatly diminished (arrow). (C and D) S6K phosphorylated at aa389 is detected in the contraction pole (CP arrows) forming after fertilization, but is not detected in the CAB. In contrast (see Fig. 2C ). S6K phosphorylated at aa 411 and whole S6K are concentrated in both the CP and in the CAB. network adheres to the isolated cortical fragment at the level of the cytoplasmic face of the plasma membrane which we have previously shown to be covered with actin microfilaments .
We also examined many cortical fragments prepared at the 8 to 16 cell stage. This stage allows visualization of the compacted cER-mRNA domain and proteins in the CAB which remain attached to isolated cortical fragments from posterior-vegetal blastomeres (Paix et al., 2009; Prodon et al., 2005; Sardet et al., 2003) . Confocal Z sections of double labeled CABs demonstrate PEM1 protein is localized at the level of a sausage-like network distinct from the cER-mRNA network (Fig. 7D) . PEM1 protein is present throughout the CAB structure of the posterior-vegetal B4.1 blastomeres in contrast with the aPKC protein, part of the PAR3/PAR6 complex which is strictly sub-membranous (Patalano et al., 2006) .
Roles of cER-mRNA associated P-MnK, in the initiation of translation of RNA determinants
Considering the fact that pem-1 RNA is localized at the surface of the cER-mRNA domain with high densities of ribosomes and major translation regulator phospho-proteins we of course think it is likely that determinant RNAs are translated on or in the vicinity of the cERmRNA domain. It is also likely that it is the fertilization calcium wave which triggers localized translation of pem-1 in the cortex since activation of the egg with the calcium ionophore Ionomycin causes PEM1 protein signals to appear in the cortex where P-MnK protein and pem-1 RNA are localized (see Figs. 1F and 3F) .
We could block or greatly diminish translation and the appearance of the cortical PEM1 protein signal using an inhibitor of MnK ( Fig. 8B and table within). When the drug CGP57380 (Zhang et al., 2008) was applied before and during fertilization the cortical vegetal PEM1 protein signal did not appear or was greatly diminished in a way similar to what we observed with pem-1 morpholino injections (Fig. 4 and table  within) . In most egg batches exposure to the MnK inhibitor allowed completion of meiosis (about 20 min PF) and formation of membranes around nuclei but seemed to prevent pronuclear migration and subsequent mitosis and cleavage (Fig. 8) . Inhibition of MAP kinasewhich normally phosphorylates MnK-with low levels of UO126 (which do not activate the oocyte) causes the P-MnK signal to disappear and inhibits the appearance of PEM1 protein in the cortex (Fig. 8C) .
We wondered what changes in the phosphorylation status and/or localization patterns of the translation initiation regulators occur after fertilization and early development. Due to limited inter-species cross reactivity of antibodies against MnK and 4EBP we tested we have only observed such changes with respect to S6 kinase (see Figs. 2C, 8D and E) We compared the localizations of 2 phosphorylated forms of the protein (P-S6K 411 and P-S6K 389) with 2 antibodies made against the phosphorylated aa 411 and aa 389 epitopes of human S6K1 which cross react with their ascidian counterpart (Fig. 1SF) . While total S6K (S6K Fig. 8D ) and P-S6K 411 are associated with the vegetal cortex in the egg and remain associated with the CAB of posterior blastomeres (see Fig. 2C ) another phosphorylated form of P-S6 kinase (P-S6K 389) while present in the cER-mRNA/CP domain of fertilized zygotes is absent from the CAB suggesting that a change in the phosphorylation status of S6K has taken place (Fig. 8E) . Of course much remains to be done to dissect such changes but the ascidian cortex model appears ideally suited to tackle the question of the role of translation initiation regulators in the synthesis of determinant proteins in the egg cortex.
Discussion
As a result of thorough high resolution observations of the distributions of cortical RNAs and protein determinants and of their partners we come to 4 main propositions which we discuss below.
1) There exists a maternal PEM1 protein in the non fertilized egg and it is not localized in the vegetal cortex where pem-1 RNA is localized.
2) The bi-polarized localization of PEM1 protein synthesized in the cortex after fertilization corresponds to the early/vegetal and later/ posterior localizations of pem-1 RNA. 3) RNA determinants pem-1 and macho-1, ribosomes and regulators of the translation machinery (MnK, 4EBP, S6K) are highly colocalized on a cortical sub-domain of rough Endoplasmic Reticulum (the cER-mRNA domain). 4) The translation initiation regulator MnK mediates localized pem-1 RNA translation triggered by egg activation.
Maternal PEM1 protein
It comes as a surprise that in Phallusia there exists an unlocalized maternal PEM1 protein. Because the level of PEM1 protein before and after fertilization does not appear to change drastically, we are unable to quantify the level of PEM1 protein synthesized and whether it rises continuously after fertilization or undergoes changes linked to phases of the cell cycle or to the posterior translocation of pem-1 RNA before cleavage. It seems however impossible that the cortical PEM1 protein signal we observe after fertilization comes from a localized accumulation of maternal PEM1 protein since concentrations in the cortex-of surface or membrane proteins, cER and cortical RNAs-only occur and are strongest in the first 5 min after fertilization as a consequence of a cortical contraction described in our previous publications Roegiers et al., 1995 Roegiers et al., , 1999 . Suppressing Pm-pem-1 RNA translation using morpholinos which has been taken as the best test of antibody specificity in previous publications (Negishi et al., 2007) and results obtained with inhibitors of P-MnK and MAPK also argues against the possibility that maternal PEM1 protein might be the source of the PEM1 signal the vegetal cortex.
The bi-polarized localization of synthesized PEM1 protein in the cortex corresponds to the early/vegetal and later/posterior localizations of pem-1 RNA Because of the multiple controls used-mouse and rabbit antibodies yielding similar results,-morpholino injections suppressing signals, phosphatase treatments, effects of inhibitor-we feel confident that our observations represent a true visualization of PEM1 protein translated from localized pem-1 RNAs. Although we should not forget that there exists a maternal PEM1 protein in the egg prior to fertilization, it seems perfectly logical that the 2 successive localizations of PEM1 protein signal first in the vegetal and later in the posterior cortex correspond to the early/vegetal and later/posterior localizations of pem-1 RNA analyzed in previous publications (Paix et al., 2009; Sasakura et al., 1998; Yoshida et al., 1996) . Why the early PEM1 protein signal is not observed in Halocynthia may have to do with the fact that in that species the large embryos are very opaque or it may reflect species differences.
The temporal and spatial features of Pm-PEM1 protein synthesis after fertilization are as follows:
-About 10 min (and possibly earlier) after egg activation the maternal determinant pem-1 RNA is translated in the vegetal cortex. The newly synthesized PEM1 protein forms a network of patches related but distinct from the cER-mRNA network at the level of the cytoplasmic face of the plasma membrane. -About 45-50 min after fertilization, the early PEM1 protein signal disappears as pem-1 RNA and the cER-mRNA domain move posteriorly forming the PVC, precursor of the CAB -A posterior PEM1 protein signal appears in the PVC region at the 4 cell stage. It forms a sausage-like network distinct from the cERmRNA domain in the CAB.
There are possible explanations for the transient early appearance and later reappearance of cortical PEM1 protein: -A first possibility is that there are 2 distinct bouts of PEM1 protein synthesis coupled with fast turnover-an early transient bout of pem-1 translation starting soon after fertilization and lasting until pem-1 RNA translocates with the cER-mRNA domain in the posterior pole and-a later bout of PEM1 protein synthesis in the posterior pole after 2 cells stage. -Another possibility is that when pem-1 RNAs moves posteriorly they continue being translated but the newly made PEM1 protein is not concentrated and cannot be detected until enough PEM1 protein has been made and the CAB structure has been compacted making the PEM1 signal visible again (4 cell stage).
Transient disappearance of the cortical PEM1 protein could be due to a degradation of the protein, or the dispersal of the network of cortical patches. It is interesting to note that near the time of disappearance of early PEM1 localization (45-50 min PF) we described an acto-myosin based relaxation wave-falling into the category of cell cycle-driven Surface Contraction Waves (SCW)-which spreads from the vegetal pole moving surface markers apart (Roegiers et al., 1999) .
It would be great to see whether the other determinant protein MACHO1 behaves in a way similar to PEM1 since pem-1 and macho-1 RNAs are co-localized on the cER-mRNA domain. Observations made in Halocynthia indicate that MACHO1 protein is localized in the PVC/CAB region starting at the 4 cell stage (Kumano et al., 2010) .
Finally we must stress that our study does not address the interesting question of translation of vasa-type RNAs and other cortical postplasmic/PEM RNAs which localize in cortical granules rather than in the cER-mRNA domain (Paix et al., 2009) . VASA protein signal has been detected in CAB-containing small posterior-vegetal cell precursor of the germ line (Shirae-Kurabayashi et al., 2006) .
Our observations open the exciting possibility that PEM1 protein successively patterns the vegetal pole area and then the posterior pole thus providing possible explanations for the pleitropic effects of pem-1 RNA best documented in Halocynthia Nishida, 2007, 2009; Negishi et al., 2007) . It is easy to understand that pem-1 translation in the posterior pole at the 4-32 cell stage plays a role as an unequal cleavage determinant and posterior patterning (Negishi et al., 2007; Prodon et al., 2010) . Whether the early phase of cortical pem-1 RNA translation plays a specific role in patterning of the embryo is an open question. Functional experiments comparing the effects of Mo injections before and 20 min after fertilization on cleavage and gene expression patterns will be necessary to settle this question.
RNA determinants pem-1 and macho-1, ribosomes and regulators of the translation machinery (MnK, 4EBP, S6K) are highly co-localized on a cortical sub-domain of Rough Endoplasmic Reticulum (the cER-mRNA domain)
The cER-mRNA domain-a cortical subdomain of the Rough Endoplasmic Reticulum network apposed to the plasma membraneis clearly involved in the localization and cortical anchoring of important RNAs playing roles as fate determinants in budding yeast and ascidian embryos. In embryos of ascidians two developmental determinants (macho-1, pem-1) acting in ill-defined ways pattern the early embryo and determine the fate of muscle and endodermal cells. In both budding yeast and ascidian cells there is clear evidence that these determinant RNAs are localized on a cER network of tubes and sheets heavily laden with ribosomes and specific RNAs and proteins (Gerst, 2008; Sardet et al., 2005) . It is therefore logical to think that translation control of RNA determinants occurs on or in the vicinity of that Endoplasmic Reticulum subdomain (Paquin and Chartrand, 2008) .
We have a poor understanding of how such ER sub-domains are formed and maintained. Recent observations in yeast and transfected mammalian cells point to oligomeric proteins harboring the lysinerich coatomer-binding tail of the protein Ist2 which apparently interact with COPI to form subdomains of ER membranes. These clusters would be transported to the cell periphery at the growing end of the microtubules in an EB1-dependent manner (Lavieu et al., 2010) . The identification in ascidians of a cER-mRNA subdomain which has sharp frontiers but is in continuity with the cER network and RER in the entire egg implies that the diffusion of specific proteins (such as phosphorylated forms of MnK, 4EBP, S6K) and maternal RNAs associated with the cER are somehow restricted to the sub-domain. Because ribosomes are considered rather immobile on RER compared with the rather mobile membrane proteins , we think that it is likely that macho-1 type RNAs together with components and regulators of the translation initiation machinery and possibly the translation machinery itself (eiF4E, etc.), form stabilized Translation Initiation Complexes (TIC) associated with specialized ribosomes on the cER-mRNA domain. Much remains to be done to test this hypothesis but we believe that the ascidian cortex model may allow a global view of the cellular localizations and regulations of essential RNAs in association with the complete translational initiation machinery and its regulator proteins.
We have previously shown that in Halocynthia, spreading and polarization of the cER-mRNA domain present in cortical aggregates in GV stage oocytes is achieved after GVBD (Prodon et al., 2008) . Interestingly in Phallusia, P-MnK is absent from the cortex in immature oocytes and becomes detectable on the polarizing cERmRNA domain during meiotic maturation (AP, NG, CS unpublished observations) to give the characteristic polarized cup-shaped distribution in the mature oocyte (Fig. 1) . This suggests that either phosphorylation of MnK or binding of P-MnK to the cER-mRNA domain occurs during the cortical meiotic maturation reorganizations we have described in Ciona and Halocynthia (Prodon et al., , 2008 . Changes in the phosphorylation status of MnK may reflect changes in MAPK or phosphatase activities which are known to occur during maturation, fertilization and early cell cycles, changes which except for ERK/MAPK, have not yet been investigated in ascidians (Cao et al., 2006; McDougall and Levasseur, 1998; Mochida and Hunt, 2007) .
The translation initiation regulator MnK regulates localized pem-1 RNA translation triggered by egg activation
The effects of maternal RNA determinants depend on how and when they are translated to make the right protein at the right time in the right location (Kugler and Lasko, 2009; Richter and Klann, 2009) . Some clues are provided by studies of bicoid, gurken and oskar RNA in Drosophila and ASH1 in budding yeast. In Drosophila although it is now clear that calcium signal at the time of egg deposition is a trigger for bicoid translation Wolfner, 2008a, 2008b; Horner et al., 2006) , the anchorage of bicoid, gurken and oskar to specific cellular structures and the complex mechanisms controlling their translation initiation remain a subject of debates although 4EBP-like proteins (Cup) are involved (Krauss et al., 2009; Kugler and Lasko, 2009; Martin and Ephrussi, 2009) . Recently advances in the understanding of translation control of ASH1 in yeast point to key roles for 2 forms of casein kinase (one being associated with the neighboring plasma membrane) in relieving RNA-binding protein repression on translation initiation (Deng et al., 2008; Paquin et al., 2007) .
Studies of ascidian eggs and embryos now provide a novel piece of the puzzle by showing that in eggs and embryos phosphorylated forms of regulators of translation initiation MnK/4EBP/S6K are selectively and dynamically associated with axis cell fate determinant RNAs in the cER-mRNA domain and that inhibition of MnK inhibits translation of pem-1 RNA determinant. It is likely that cER-mRNA associated Translation Initiation Complexes (TIC) are primed to start translation of mRNAs such as macho-1 or pem-1. One possible hypothesis is that egg activation (by sperm or ionophore) and the large fertilization calcium wave and subsequent repetitive calcium waves which traverse the egg (Speksnijder et al., 1990 ) change the phosphorylation status of MnK, S6 kinase and 4EBP creating favorable conditions for initiation of translation. One mediator of such changes might be ERK/MAPK (McDougall and Levasseur, 1998) .We must also point out that the cER-mRNA domain acts as a pacemaker of repetitive meiotic calcium waves which traverse the zygote during meiosis completion (5-20 min after insemination) . The cER-mRNA domain therefore constitutes a calcium "hot spot" and a privileged site of signalization events likely to trigger localized translation.
Changes in MnK phosphorylation depends on upstream ERK/ MAPK activity (Proud, 2007) . ERK activity has been measured to increase in ascidian eggs for the first 5 min after fertilization and then decrease to stable levels below those in the oocytes by 10-15 min (McDougall and Levasseur, 1998) . Our experiments using a MAPK inhibitor (UO126) indicate that its activity after fertilization is probably necessary to keep cortical MnK phosphorylated. Phosphorylation status of the translation regulators could also depend on phosphatases and p38/MAPK activities which have not been investigated in ascidians eggs (Li et al., 2010) .
One interesting observation we made is that S6 kinase is differentially phosphorylated on the cER-mRNA domain just after fertilization when concentrated in the contraction pole or in the posterior PVC region and CAB. In humans, S6K1 and S6K2 exhibit hierarchical phosphorylation downstream the PI3K/TOR and MEK pathway. Phosphorylation of S6K1 at position 411 precedes phosphorylation at position 389. These sequential phosphorylations are thought to allow full S6Ks activation. However, nothing is known about activation of S6K in ascidians and whether S6K exhibits a basal activity level or whether partial phosphorylation is sufficient to activate ascidian S6K. Since the S6K 389 signal disappears before the first cleavage whereas SK6411 signal remains in the posterior cortex, we can only presume that as in human, in ascidian embryos, phosphorylation at the 411 site precedes phosphorylation at the 389 site.
Much remains to be done to document these changes but our observations open the way for a thorough analysis of the changes in the phosphorylation status of many regulators and components of the translation machinery in isolated cortical fragments.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2011.06.019.
